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The aims of this study were to assess the infectivity of highly pathogenic (HP) and low pathogenicity
(LP) H7 AI viruses at different temperatures and pH values and to investigate the persistance of HP H7
virus in chicken, turkey and duck meat. The H7 viruses tested remained infectious at þ4 1C and þ20 1C
for 200 and 450 days, respectively. At pH 5, H7 viruses retained their infectivity for a shorter period of
time compared to pH 7. The infectivity of HP H7 was detected 42 months in meat maintained at þ4 1C
and was higher in chicken meat compared to turkey and duck meat. Results of this study show that
higher temperatures and lower pH values both reduce virus infectivity and demonstrate that HP H7
virus can remain infectious in meat for extended periods of time.
& 2012 Elsevier Inc. All rights reserved.Introduction
Avian inﬂuenza viruses (AIVs) are members of the family
Orthomyxoviridae, are enveloped and have a negative sense, single
stranded, segmented RNA genome.
Spread of AIVs in poultry is linked to factors such as the
movement of infected animals, presence and movement of con-
taminated materials, vehicles, and personnel. The extent of spread
is also linked to viral resistance to environmental factors such as
temperature and pH.
In the environment, infectivity of AI viruses is dependent on
parameters such as temperature, pH, salinity and relative humid-
ity (De Benedictis et al., 2007, Stallknecht and Brown, 2009). In
addition, the tenacity of AI viruses to physical and chemical
factors increases in the presence of organic material (Lu et al.,
2003). Further, the infectivity of AI viruses at different tempera-
tures is variable from strain to strain (Brown et al., 2007; Paek
et al., 2010; Terregino et al., 2009).
Great importance has been given to the study of physical and
chemical factors inﬂuencing the survival of animal inﬂuenzall rights reserved.
o).viruses particularly for the sanitation of holdings following the
emergence and spread of HPAI H5N1 virus. Increasing amounts of
data are available on H5N1 HPAI infectivity under chemical and
physical conditions (Lenes et al., 2010; Paek et al., 2010; Rice
et al., 2007; Shahid et al., 2009; Wanaratana et al., 2010). The
majority of studies investigate the effect of disinfectants on viral
infectivity or the infectivity of HPAI viruses in water (Brown et al.,
2009; Stallknecht et al., 2010) but few address the direct effect of
chemical and physical factors on inﬂuenza virus infectivity
(Dundon et al., 2007; Pizzuto et al., 2011; Terregino et al., 2009).
The widespread infection of farm animals with HPAI H5N1
throughout Asia, Africa and Europe has raised concerns about the
safety of animal products for human consumption and for the risk of
transmission of infection to animals through the feeding of swill.
The introduction of HPAI into an HPAI-free country through trade of
poultry commodities has been reported and has increased these
concerns (Cobb, 2011). Highly pathogenic AI virus has been isolated
from poultry meat (Beato et al., 2009; Das et al., 2008; Pantin-
Jackwood et al., 2007; Swayne and Beck, 2005; Toffan et al., 2008)
and thus infection of poultry with these viruses poses a risk of
spread and transmission through movement and trade of this
commodity. For example, the incursion of H5N1 HPAI in backyard
chickens in Germany in 2007 was linked to exposure to contami-
nated duck meat and offal from commercial ducks with a subclinical
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M.S. Beato et al. / Virology 433 (2012) 522–527 523infection with HPAI H5N1 (Harder et al., 2009). The increasing
international trade of poultry meat represents an opportunity for
the spread of HPAI virus through this activity (Cobb, 2011).
Although the effect of heat and pressure treatments on HP H5
viruses in chicken meat has been investigated (Isbarn et al., 2007;
Swayne, 2006; Thomas and Swayne, 2007; Thomas et al., 2008),
data on the persistence of HP H7 viruses in poultry meat at
refrigeration temperature is not currently available. Efforts to
prevent spread of inﬂuenza infections through contact transmis-
sion via fomites and commodities require knowledge of virus
stability in the environment and in poultry meat. The lack of
knowledge in this area provided impetuous to generate informa-
tion on H7 virus infectivity under different physical and chemical
conditions and in poultry meat at refrigeration temperature.
In this study we investigated the effect of temperature (þ4 and
þ20 1C) and pH (5 and 7) on the infectivity of two H7 AI viruses, one
HP and one LP, obtained from the international virus repository at
National Reference Laboratory for AI (Italy). Moreover, we aimed at
evaluating the infectivity of virus in meat, maintained at refrigera-
tion temperature, from chickens, turkeys and ducks experimentally
infected with HP H7 virus. Data on virus infectivity of inﬂuenza
viruses will improve the assessment of the potential transmission of
these viruses via fomites and poultry meat.0
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Fig. 1. Comparison of virus infectivity of H7 HP and LP viruses at þ4 1C (A) and at
þ20 1C (B). Titres are expressed as Log10 EID50.
Table 1
Duration of infectivity for low and highly pathogenic H7 avian inﬂuenza viruses at
þ4 and þ20 1C. In the boostrap linear regression model Y represented the virus
titre and X the observation time.
Temperature
(1C)
Virus Boostrap linear
regression model
R2 Estimate
persistencea
þ4 A/turkey/Italy/
1387/00 (HPAI)
y¼7.32230.0368x 0.9143 27
A/turkey/Italy/
3675/99 (LPAI)
y¼7.33470.0275x 0.9239 36
þ20 A/turkey/Italy/
1387/00 (HPAI)
y¼7.36180.1308x 0.9648 7.5
A/turkey/Italy/
3675/99 (LPAI)
y¼7.29080.0768x 0.9475 13
a Time (days) required to reduce the starting concentration by 90% (1 log10).Results
Infectivity of H7 viruses at þ4 and þ20 1C
Data on virus infectivity at þ4 and þ20 1C are shown in
Fig. 1A and B, respectively. At þ4 1C the HP H7 virus was detected
up to 210 days while the LP H7 virus was detectable up to 270
days. At the end of the observation period (60 days), for viruses
maintained at þ20 1C, the LP H7 virus titre ranged from log10 2.7
to 2.9, while the HP strain had no detectable infectivity. Based on
results of the bootstrap linear regression models applied for the
evaluation of the decrease of virus titres over time, the 90%
reduction time (time in days to reduce the virus titre by
1 log10 EID50) was 27 and 36 days at þ4 1C and 7.5 and 13 days
at þ20 1C for the HPAI and LPAI, respectively (Table 1). Consider-
ing a unique model for the experiment at þ4 1C (R2¼0.9192) and
at þ20 1C (R2¼0.9654) the infectivity of both H7 viruses was time
dependant (po0.01) with the HP virus showing a faster decrease
in virus titre than the LP virus for each temperature.
The overall model, including the temperature as an explicative
variable (R2¼0.9386), showed also that the duration of infectivity
was reduced at þ20 1C compared to þ4 1C for all viruses tested
and for the HP virus at each experimental condition (po0.01).
The decrease in infectivity over time differed between the HP and
LP viruses; the HPAI viruses were less tenacious than LPAI viruses
at both temperatures as indicated by the statistical analysis.
The bootstrap linear regression models resulted appropriate
for the data as the points in a residual plot are randomly
dispersed around the horizontal axis (data not shown).
Evaluation of virus infectivity at pH 5 and 7
Results on virus infectivity at pH 5 and 7 are shown in Fig. 2A
and B. Virus titres of the two H7 viruses used in the study,
calculated at time point zero, were: 106.1 EID50/0.1 ml for HP and
106.5 EID50/0.1 ml for LP virus. The pH of negative and infectious
allantoic ﬂuid was stable throughout the study. The estimated
persistence i.e., the time needed to reduce virus infectivity by 90%
was higher for viruses exposed at pH 7 (Table 2) and ranged
between 1 and 2 days for pH 5 and between 2 and 5 days for pH 7.
Statistical analysis showed that the decrease in virus titre for eachvirus, at both pH values, was time dependent (po0.01). At pH 5,
the regression model (R2¼0.6542) indicated that the LP virus titre
was higher than the HP virus at each time point and that the
decrease in virus titre over time was temperature dependent. At
pH 7, the regression model (R2¼0.7185) showed that the virus
titre was higher for the HP virus than the LP virus.
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Fig. 2. Comparison of virus survival curves of HP H7 and LP H7 viruses tested at
pH 5 (A) and pH 7 (B) at þ4 and þ20 1C. Titres are expressed as Log10 EID50
Table 2
Duration of infectivity for low and highly pathogenic H7 avian inﬂuenza viruses at
pH 5 and 7. In the boostrap linear regression model Y represented the virus titre
and X the observation time.
pH
values
Strain/
temperature
Boostrap linear
regression model
R2 Estimate
persistencea
pH 5 HPAI þ4 1C y¼4.14230.8315x 0.6424 1.2
HPAI þ20 1C y¼3.57800.7649x 0.5497 1.3
LPAI þ4 1C y¼4.72380.8533x 0.5951 1.7
LPAI þ20 1C y¼4.67500.8060x 0.7245 1.2
pH 7 HPAI þ4 1C y¼5.50360.1917x 0.6646 5.2
HPAI þ20 1C y¼6.42500.3798x 0.8983 2.6
LPAI þ4 1C y¼5.70000.4381x 0.6356 2.2
LPAI þ20 1C y¼5.44230.3292x 0.7164 3.0
a Time (days) required to reduce the starting concentration by 90% (1 log10).
Virus titers of duck, chicken and turkey meat at +4°C
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Fig. 3. Virus titres of HP H7 AI virus in duck, chicken and turkey meat maintained
at 4 1C. Titres are expressed as Log10 EID50.
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model (R2¼0.7257), both viruses retained their infectivity to a
higher level at pH 7 than at pH 5 with a statistically signiﬁcant
difference (po0.01) at both temperatures tested (Fig. 2A and B).
Interestingly, temperature had little effect on virus infectivity at
pH 5 and 7 as indicated by the statistical model applied.
The bootstrap linear regression models were appropriate for
the data as the points in a residual plot are randomly dispersed
around the horizontal axis (data not shown).
Virus persistence in poultry meat
Meat samples collected from chickens showed the highest
virus titre, followed by turkey, then duck. Infection of ducks was
more difﬁcult because infection was achieved in only four of theﬁve challenged ducks. At time point zero, virus titres in duck meat
were low (log10 1.9–2.7/g). The HP H7 virus was detected in
chicken meat, at þ4 1C, for 135 days while virus was detected for
90 days in turkey meat (Fig. 3). Despite the low virus titres in
duck meat at time point 0, virus was isolated from meat samples
until day 75 (Fig. 3).
The linear mixed model for longitudinal data showed that
species, days of exposure to condition and their interaction were
signiﬁcant (po0.01). Therefore, virus persistence in meat sam-
ples decreased proportionally with exposure time (po0.001).
Statistical analysis showed that, independent from virus titre at
time point zero in meat samples of the species tested, virus titres
decreased less in chicken meat followed by duck and turkey meat,
and that the decrease was statistically signiﬁcant (po0.001). This
indicates that persistence of the H7 HPAI virus under study is
higher in chicken meat than in turkey or duck meat irrespective of
the initial virus titres.
The model used showed a compound symmetry structure for
variance–covariance which assumes the equal correlation of
residuals. The residuals analysis showed that the proposed model
was valid (data not shown).Discussion
Data presented herein provides additional information on
infectivity of HP and LP H7 AI viruses at two temperatures (þ4
and þ20 1C), two pH (5 and 7) each tested at þ4 and þ20 1C, and
persistence of HP H7 viruses in meat stored at þ4 1C from
chickens, turkeys, and ducks.
Both HP and LP H7 viruses retained infectivity for a shorter
period of time at þ20 1C (estimated infectivity 13 days) compared
to þ4 1C (36 days) showing a less estimated infectivity than other
H7 viruses (Stallknecht et al., 2010). At both temperatures the LP
H7 virus retained infectivity for a longer period of time compared
to the HP H7 virus. Our data showed that the decrease in
infectivity for the viruses tested at þ4 1C and þ20 1C was both
time- and temperature-dependent as already suggested (Stallknecht
and Brown, 2009).
The compendium of work on the effect of temperature on
infectivity of AIVs and paucity of data on the effect of temperature
and pH on infectious allantoic ﬂuid or water not suspended in
organic materials make it difﬁcult to compare data available in
the literature. The observation that infectivity of AIVs is tempera-
ture dependent and that infectivity is maintained better at þ4 1C
was shown when AIVs diluted in water remained infectious for
more than a year (Brown et al., 2009). It was also shown that,
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infectious for 440 days at þ4 1C (Shortridge et al., 1998) but was
inactivated after 1 day at þ23 1C (Wood et al., 2010). In feathers
stored at þ4 1C HP H5N1 virus was recovered for up to 160 days
but for only 10–15 days when stored at þ20 1C (Yamamoto et al.,
2010). Collectively these studies, although carried out on different
matrices, conﬁrm our ﬁndings on higher tenacity of H7 AIV at
þ4 1C.
From an experimental point of view, Shahid et al. (2009) and
Paek et al. (2010) both conducted studies similar to the present
one with allantoic ﬂuid but used HP H5N1 virus. Shahid et al.
(2009) reported similar results to our study on viral persistence at
þ4 1C; in fact the viral infectivity of a Pakistani H5N1 HPAI virus
was detected for more than 100 days but was completely
inactivated at þ28 1C virus following 1 day of exposure. Paek
et al. (2010) showed that 3 Korean H5N1 HPAI viruses remained
infectious for a prolonged period of time compared to the H7
viruses under study; viable virus was recovered after 250 days of
exposure at þ4 1C and between 250 and 300 days at þ20 1C.
Our data would also suggest that increasing temperatures will
decrease the time necessary to achieve virus inactivation and that
strain variability also accounts for differences seen in response to
temperature (Brown et al., 2009; Shortridge et al., 1998; Stallknecht
and Brown, 2009; Wood et al., 2010; Yamamoto et al., 2010).
Results showed that the effect of pH had the greatest inﬂuence
on virus infectivity and that temperature had a minor effect on
virus infectivity than pH as demonstrated by the statistical
analysis. We observed that pH values below 7 had a negative
effect but at pH 7 the viruses were relatively stable at both þ4
and þ20 1C. This is in agreement with previous studies (Brown
et al., 2009; De Benedictis et al., 2007; Stallknecht et al., 2010). At
pH 7, the HP H7 virus was more stable than the LP H7 virus at
both temperatures.
Following exposure for 6 days at pH 5, both H7 viruses
maintained at þ4 1C remained infectious. When comparing the
survival of the HP and LP viruses at pH 5 and 7 the two viruses
tested showed a different pattern; the virus titres of the LP H7
were higher than the HP H7 at pH 5 but not at pH 7. However, the
titre of both viruses were higher at pH 7 than pH 5 thus both
viruses were less tenacious at pH 5 than shown in previous
studies (Stallknecht and Brown, 2009), suggesting that variation
in pH tolerance is strain dependent. Further, the HA molecule of
AI viruses in acidic conditions undergo conformational changes,
which degree varies according to the strain (Korte et al., 1999;
Puri et al., 1990) which may explain the different characteristics
of HP and LP viruses at pH 5 and 7.
It has been reported that H7 LP viruses lost 100% of their
infectivity after 5 min at pH 2, but exposure to pH 5, 7, 10, and 12
for 15 min had no effect on their infectivity (Lu et al., 2003). Further,
Muhmmad et al. (2001) have shown that an H7N3 AI virus following
48 h of exposure at pH 1, 3, 10 and 14 lost its infectivity. A recent
study showed that acidic or basic pH values (between 3 and 12) did
not inactivate H5N1 viruses from Thailand (Wanaratana et al.,
2010). Similarly, Shahid et al. (2009), showed that infectivity of a
Pakistani H5N1 HPAI virus was maintained at pH 5 but not at pH 7
following 24 h of exposure. Another study showed comparable data
to our study: of the 12 LPAI viruses tested, the majority persisted
longer at pH values between 7.4 and 8.2 and the infectivity
decreased at pH values less than 6.6 (Brown et al., 2009). An
additional critical factor that inﬂuences the effect of pH on virus
infectivity is salinity which was not measured in our study but
might have played a role (Brown et al., 2009; Stallknecht et al.,
1990).
Comparing the two experiments carried out at þ4 1C (one
assessing only the effect of temperature and the other the effect of
temperature and pH), tested viruses showed different tenacityand data may appear contradictory. One possible explanation
could be that the experiment at pH 7 and þ4 1C was carried out
on diluted allantoic ﬂuid with PBS which produced a difference of
composition of matrices tested in terms of salinity, protein
content and pH making the 2 experiments not perfectly compar-
able. Considering that the pH of allantoic ﬂuid prior dilution with
PBS was 8.4 we cannot assume that pH 7 is the optimal condition
to maintain the infectivity. Previous studies showed that some
AIVs may retain their infectivity longer at slightly basic condi-
tions, pH 7.4–8.2 and even 8.6 (Brown et al., 2009).
Detection of avian inﬂuenza viruses in poultry meat has been
reported following natural and experimental infection (Beato
et al., 2009; Beato and Capua, 2011; Nazir et al., 2011).
In our study, persistence of the HP H7 virus in poultry meat
was retained for a prolonged period of time, suggesting that HPAI
virus can be preserved in infected carcasses at low temperature.
Further, we showed that irrespective of the initial virus titre,
presence of HP virus in chicken meat was higher than for turkey
or duck meat. Our data conﬁrms ﬁeld evidence that HP virus may
remain infectious at low temperatures in duck meat (Harder et al.,
2009) and is also in line with previous ﬁndings that show H4, H5
and H6 LPAI viruses maintain their virus infectivity for a pro-
longed period in contaminated duck meat (virus mixed with
meat) at 0 1C while infectivity decreased at þ20 and þ30 1C
(Nazir et al., 2011).
Although virus titres prior to exposure to temperature were
lower in duck meat, virus was detected for more than 60 days
which suggests that it is important to acquire knowledge on virus
persistence survival in commodities.Conclusions
Our study conﬁrms that survival of H7 AI viruses can be
inﬂuenced by the individual or combined effects of temperature,
pH, and time of exposure. Results clearly show that the H7 AI
viruses under study have a prolonged stability at low tempera-
tures and that low pH levels reduce infectivity. Looking at data
generated in the pH experiment, the variables (pH and tempera-
ture) which most inﬂuenced virus infectivity was pH (5 and 7)
and not temperature (þ4 and þ20 1C) as demonstrated by the
statistical analysis.
It is interesting to note that the LP H7 virus retained its
infectivity at þ4 and þ20 1C for a longer period of time than
HP H7 virus, suggesting that virus survival depends on the virus
strain but not on virulence.
The results of our animal experiments show that there is a
great variability in virus titre in the muscle of experimentally
infected chickens, ducks and turkeys. Chicken meat appears to
harbour viable HP H7 virus for a very long period of time (135
days), followed by turkey meat (90 days), then duck meat (75
days). These ﬁndings support control measures and trade restric-
tions presently imposed on holdings infected with HPAI viruses.
The results of our investigations are in keeping with the interna-
tional guidelines and national regulations which impose the
destruction of carcases in HPAI infected premises.Materials and Methods
Viruses
Viruses were selected based on results of a previous study
(Terregino et al., 2009) where virus infectivity of 2 HPAI
and 2 LPAI H7 viruses was tested following exposure at þ37 1C.
The LP and HP viruses shown to be most tenacious at þ37 1C were
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in 9-to-11-day-old Speciﬁc Pathogen Free (SPF) embryonating hen’s
eggs (Charles River Laboratories, USA): A/turkey/Italy/3675/99
(H7N1, LPAI) and A/turkey/Italy/1387/00 (H7N1, HPAI).
The median embryo infectious dose (EID50) for each working
stock of virus was determined by inoculating 0.1 ml of serially
diluted (10-fold) stock virus into 5 SPF embryonating eggs per
dilution. Endpoints were calculated using the Spearman–Karber
method.
Virus infectivity at temperatures of þ4 and þ20 1C
Infectivity of H7 viruses at þ4 1C was determined by placing
vials containing 1 ml of infectious allantoic ﬂuid in 1.5 ml poly-
propylene tubes (Eppendorf Biopurs, Germany) in a refrigerator,
then routinely testing the ﬂuids for a period of 1 year. During the
ﬁrst 2 months of the experiment, virus infectivity was assessed
every two weeks, then monthly thereafter. The temperature of
the refrigerator was monitored every 2 min using an electronic
device (Labgard2, Aes Chemunex, France). Infectivity of H7
viruses at þ20 1C was determined by placing vials containing
0.5 ml of infectious allantoic ﬂuid in 0.5 ml polypropylene tubes
(Eppendorf Biopurs, Germany) in a heating block for 60 days
(Thermo Lyne, PBI International, Milan, Italy). Vials were sampled
every 4 days for viable virus. Temperature was monitored using a
speciﬁc software program of the heating block.
For each experiment (þ4 and þ20 1C), 3 tubes containing
infectious allantoic ﬂuid were used to determine the initial virus
titre (point zero) and 3 tubes were collected at each time point to
perform titrations in SPF chicken embryos.
Evaluation of virus infectivity at pH 5 and 7
Experiments on infectivity of H7 viruses at pH 5 and pH 7 were
carried out by mixing (v/v) infectious allantoic ﬂuid with PBS to
achieve pH 5 and pH 7. The allantoic ﬂuid had a pH of 8.3 and was
diluted with PBS at pH 4.88 and 6.95, respectively (10% v/v).
Following the dilution of AAF in PBS the pH was measured to
conﬁrm the targeted pH using a pH metre (Inolab pH Level 1,
Sigma Precision s.r.l. Italy). Eighteen tubes per virus under study,
containing 1 ml of the infectious allantoic ﬂuid, were allocated in
1.5 ml polypropylene tubes (Eppendorf Biopurs, Germany). Vials
were placed at þ4 1C in a refrigerator or at þ20 1C in a heating
block (Thermo Lyne, PBI International, Milan, Italy) for 6 days.
Each day 3 tubes were collected to test virus infectivity in SPF
embryonating hen’s eggs. The temperature of the refrigerator was
monitored every 2 min using an electronic device (software:
Labgard2, Aes Chemunex, France).
At each time point, two tubes containing non-infectious
allantoic ﬂuid at pH 5 and 7, respectively, were included as a
negative control.HPAI virus persistence in poultry meat
Birds
Three-week-old commercial domestic Pekin ducks (Anas
platyrhynchos) and turkeys (Meleagris gallopavo) as well as White
Leghorn SPF chickens (Gallus gallus) were used in the study. All
birds were identiﬁed by wing tags and given feed and water ad
libitum according to their age and species.
Day-old commercial ducklings and turkey poults originated
from parent ﬂocks virologically and serologically negative to AI.
Hatchmates were also tested with a commercial competitive
ELISA (IDscreen, ID.VET, Montpellier, France) directed to thenucleoprotein (NP) and shown to be serologically negative. Birds
were housed in HEPA-ﬁltered poultry isolators in BL3 animal
facilities and were handled in strict accordance with the relevant
national animal welfare bodies and approved by the local Animal
Welfare Committee.
Experimental protocol
Groups of 5 birds were used for each species. Birds were
infected oro-nasally with 100 ml of HP A/turkey/Italy/1387/00
H7N1 virus containing 106EID50. On day 3 post-infection, birds
that did not succumb to infection were euthanized by cervical
dislocation. Superﬁcial and deep pectoral muscles were collected
and processed for detection of viable virus. Lungs were collected
and tested to verify infection in individual birds.
Superﬁcial and deep breast muscle tissue from each bird was
ﬁnely cut, homogenised and aliquots of 0.5 g each placed in 7 ml
tubes (VWR International PBI) at þ4 1C. A total of ﬁve aliquots per
species for each time point were prepared. During the ﬁrst week
of exposure, aliquots were tested for virus daily, then at two week
intervals thereafter up to day 150.
To test for residual virus, each tissue aliquot was homogenised
with sterile quartz sand to obtain a 10% (w/v) suspension in PBS
containing antibiotics and 20% glycerol. Suspensions were clar-
iﬁed by centrifugation and titrations performed in 9-to-11-day-
old SPF embryonating hen’s eggs. Virus titrations were performed
by inoculating each 5 embryos with 0.1 ml of 10-fold dilutions via
the allantoic cavity. One aliquot per bird was used to estimate the
initial (point zero) virus titre. Testing of muscle tissue continued
until virus was no longer detected or the tissue became unsui-
table for testing because of autolysis (approximately between day
75 and 150). Virus titres were calculated using the Spearmann–
Karber method.Statistical analysis
Virus infectivity at temperatures of þ4 and þ20 1C
To compare previous results obtained testing the same viruses
at þ371C a bootstrap linear regression model (Fox, 2002) was
applied to verify the inﬂuence of the following variables: incuba-
tion time, virus strain, and their interaction on the decrease of
virus titre for each temperature tested. The inﬂuence of tempera-
ture and interaction of temperature and virus was evaluated
applying a bootstrap regression model as well (Fox, 2002).
Virus infectivity at pH 5 and 7
A bootstrap linear regression model (Fox, 2002) was utilized to
verify the inﬂuence of the following variables: incubation time,
virus strain and temperature and their interaction on the decrease
of virus titre for each pH value tested. The inﬂuence of pH and
combined inﬂuence of pH and temperature for each virus was
evaluated applying a bootstrap linear regression model as well
(Fox, 2002).
Appropriate residual posterior analysis was performed to
verify the validity of the proposed models for experiments at
þ4 and þ20 1C and at pH 5 and 7. Statistical analysis was carried
out by using the Stata 12.0 software (Anonymous, 2011a).
Virus persistence in poultry meat
The linear mixed model (LMM) for longitudinal data was used
to investigate the inﬂuence of species, exposure time and their
interaction on virus infectivity. Different variance and covariance
M.S. Beato et al. / Virology 433 (2012) 522–527 527matrices were evaluated to investigate any possible correlation
among observations and to select the most suitable model.
Appropriate residual posterior analysis was performed to verify
the validity of the proposed model. Statistical analysis was
performed by using the SAS 9.3 software (Anonymous, 2011b).Acknowledgments
The present study was ﬁnancially supported by the European
Union project ‘‘FLURESIST’’ – FP 6- 2005-SSP-SB-Inﬂuenza: ‘‘Avian
inﬂuenza virus survival in poultry commodities, poultry manure
and the environment’’. Authors wish to thank Dennis Senne for
the useful comments to the study and manuscript and William
Dundon for revising the manuscript.
References
Anonymous. Stata, 2011a. Stata Base Reference Manual, Release 12. Stata Press
Publication. /http://www.statapress.com/data/r12/r.htmlS.
Anonymous, 2011b. SAS@9.3 2011: The MIXED Procedure. /http://support.sas.
com/documentation/cdl/en/statug/63962/HTML/default/viewer.htm#lmixed_
toc.htmS.
Beato, M.S., Capua, I., 2011. Transboundary spread of highly pathogenic avian
inﬂuenza through poultry commodities and wild birds: a review. Rev. Sci.
Tech. 30, 51–61.
Beato, M.S., Capua, I., Alexander, D.J., 2009. Avian inﬂuenza viruses in poultry
products: a review. Avian Pathol. 38, 193–200.
Brown, J.D., Goekjian, G., Poulson, R., Valeika, S., Stallknecht, D.E., 2009. Avian
inﬂuenza virus in water: infectivity is dependent on pH, salinity and tem-
perature. Vet. Microbiol. 136, 20–26.
Brown, J.D., Swayne, D.E., Cooper, R.J., Burns, R.E., Stallknecht, D.E., 2007.
Persistence of H5 and H7 avian inﬂuenza viruses in water. Avian Dis. 51,
285–289.
Cobb, S.P., 2011. The spread of pathogens through trade in poultry meat: overview
and recent developments. Rev. Sci. Tech. 30, 149–164.
Das, A., Spackman, E., Thomas, C., Swayne, D.E., Suarez, D.L., 2008. Detection of
H5N1 high-pathogenicity avian inﬂuenza virus in meat and tracheal samples
from experimentally infected chickens. Avian Dis. 52, 40–48.
De Benedictis, P., Beato, M.S., Capua, I., 2007. Inactivation of avian inﬂuenza
viruses by chemical agents and physical conditions: a review. Zoonoses Public
Health 54, 51–68.
Dundon, W.G., Boscarato, L., Mazzacan, E., Maniero, S., Toson, M., Capua, I., 2007.
Effect of different temperatures on the stability of avian inﬂuenza reference
reagents. Avian Dis. 51, 366–369.
Fox, J., 2002. Bootstrapping Regression Models appendix to ‘‘An R and S-PLUS
Companion to Applied Regression: A Web Appendix to the Book’’. Sage,
Thousand Oaks, CA. URL /http://CRAN.R-project.org/doc/contrib/Fox-Compa
nion/appendix-bootstrapping.pdfS.
Harder, T.C., Teuffert, J., Starick, E., Gethmann, J., Grund, C., Fereidouni, S., Durban,
M., Bogner, K.H., Neubauer-Juric, A., Repper, R., Hlinak, A., Engelhardt, A.,
Nockler, A., Smietanka, K., Minta, Z., Kramer, M., Globig, A., Mettenleiter, T.C.,
Conraths, F.J., Beer, M., 2009. Highly pathogenic avian inﬂuenza virus (H5N1)
in frozen duck carcasses, Germany, 2007. Emerg. Infect. Dis. 15, 272–279.
Isbarn, S., Buckow, R., Himmelreich, A., Lehmacher, A., Heinz, V., 2007. Inactivation
of avian inﬂuenza virus by heat and high hydrostatic pressure. J. Food Prot. 70,
667–673.
Korte, T., Ludwig, K., Booy, F.P., Blumenthal, R., Herrmann, A., 1999. Conforma-
tional intermediates and fusion activity of inﬂuenza virus hemagglutinin.
J. Virol. 73, 4567–4574.
Lenes, D., Deboosere, N., Menard-Szczebara, F., Jossent, J., Alexandre, V., Machinal, C.,
Vialette, M., 2010. Assessment of the removal and inactivation of inﬂuenza
viruses H5N1 and H1N1 by drinking water treatment. Water Res. 44,
2473–2486.Lu, H., Castro, A.E., Pennick, K., Liu, J., Yang, Q., Dunn, P., Weinstock, D., Henzler, D.,
2003. Survival of avian inﬂuenza virus H7N2 in SPF chickens and their
environments. Avian Dis. 47, 1015–1021.
Muhmmad, K., Das, P., Yaqoob, T., Riaz, A., Manzoor, R., 2001. Effect of physico-
chemical factors on survival of avian inﬂuenza virus (H7N3 type). Int. J. Agric.
Biol., 416–418.
Nazir, J., Haumacher, R., Ike, A.C., Marschang, R.E., 2011. Persistence of avian
inﬂuenza viruses in lake sediment, duck feces, and duck meat. Appl. Environ.
Microbiol. 77, 4981–4985.
Paek, M.R., Lee, Y.J., Yoon, H., Kang, H.M., Kim, M.C., Choi, J.G., Jeong, O.M., Kwon, J.S.,
Moon, O.K., Lee, S.J., Kwon, J.H., 2010. Survival rate of H5N1 highly pathogenic
avian inﬂuenza viruses at different temperatures. Poult. Sci. 89, 1647–1650.
Pantin-Jackwood, M.J., Suarez, D.L., Spackman, E., Swayne, D.E., 2007. Age at
infection affects the pathogenicity of Asian highly pathogenic avian inﬂuenza
H5N1 viruses in ducks. Virus Res. 130, 151–161.
Pizzuto, M.S., De Benedictis, P., Maniero, S., Toson, M., Dundon, W.G., M’Baye Seck, B.,
Capua, I., 2011. Improving heat stability of haemagglutinating antigens for avian
inﬂuenza. Biologicals 39, 149–151.
Puri, A., Booy, F.P., Doms, R.W., White, J.M., Blumenthal, R., 1990. Conformational
changes and fusion activity of inﬂuenza virus hemagglutinin of the H2 and H3
subtypes: effects of acid pretreatment. J. Virol. 64, 3824–3832.
Rice, E.W., Adcock, N.J., Sivaganesan, M., Brown, J.D., Stallknecht, D.E., Swayne, D.E.,
2007. Chlorine inactivation of highly pathogenic avian inﬂuenza virus (H5N1).
Emerg. Infect. Dis. 13, 1568–1570.
Shahid, M.A., Abubakar, M., Hameed, S., Hassan, S., 2009. Avian inﬂuenza virus
(H5N1); effects of physico-chemical factors on its survival. Virol. J. 6, 38–44.
Shortridge, K.F., Zhou, N.N., Guan, Y., Gao, P., Ito, T., Kawaoka, Y., Kodihalli, S., Krauss, S.,
Markwell, D., Murti, K.G., Norwood, M., Senne, D., Sims, L., Takada, A., Webster, R.G.,
1998. Characterization of avian H5N1 inﬂuenza viruses from poultry in Hong Kong.
Virology 252, 331–342.
Stallknecht, D.E., Brown, J.D., 2009. Tenacity of avian inﬂuenza viruses. Rev. Sci.
Tech. 28, 59–67.
Stallknecht, D.E., Goekjian, V.H., Wilcox, B.R., Poulson, R.L., Brown, J.D., 2010. Avian
inﬂuenza virus in aquatic habitats: what do we need to learn? Avian Dis. 54,
461–465.
Stallknecht, D.E., Kearney, M.T., Shane, S.M., Zwank, P.J., 1990. Effects of pH,
temperature, and salinity on persistence of avian inﬂuenza viruses in water.
Avian Dis. 34, 412–418.
Swayne, D.E., 2006. Microassay for measuring thermal inactivation of H5N1 high
pathogenicity avian inﬂuenza virus in naturally infected chicken meat.
Int. J. Food Microbiol. 108, 268–271.
Swayne, D.E., Beck, J.R., 2005. Experimental study to determine if low-
pathogenicity and high-pathogenicity avian inﬂuenza viruses can be present
in chicken breast and thigh meat following intranasal virus inoculation. Avian
Dis. 49, 81–85.
Terregino, C., Beato, M.S., Bertoli, E., Mancin, M., Capua, I., 2009. Unexpected heat
resistance of Italian low-pathogenicity and high-pathogenicity avian inﬂuenza
A viruses of H7 subtype to prolonged exposure at 37 1C. Avian Pathol. 38,
519–522.
Thomas, C., King, D.J., Swayne, D.E., 2008. Thermal inactivation of avian inﬂuenza
and Newcastle disease viruses in chicken meat. J. Food Prot. 71, 1214–1222.
Thomas, C., Swayne, D.E., 2007. Thermal inactivation of H5N1 high pathogenicity
avian inﬂuenza virus in naturally infected chicken meat. J. Food Prot. 70,
674–680.
Toffan, A., Serena Beato, M., De Nardi, R., Bertoli, E., Salviato, A., Cattoli, G.,
Terregino, C., Capua, I., 2008. Conventional inactivated bivalent H5/H7 vaccine
prevents viral localization in muscles of turkeys infected experimentally with
low pathogenic avian inﬂuenza and highly pathogenic avian inﬂuenza H7N1
isolates. Avian Pathol. 37, 407–412.
Wanaratana, S., Tantilertcharoen, R., Sasipreeyajan, J., Pakpinyo, S., 2010. The
inactivation of avian inﬂuenza virus subtype H5N1 isolated from chickens in
Thailand by chemical and physical treatments. Vet. Microbiol. 140, 43–48.
Wood, J.P., Choi, Y.W., Chappie, D.J., Rogers, J.V., Kaye, J.Z., 2010. Environmental
persistence of a highly pathogenic avian inﬂuenza (H5N1) virus. Environ. Sci.
Technol. 44, 7515–7520.
Yamamoto, Y., Nakamura, K., Yamada, M., Mase, M., 2010. Persistence of avian
inﬂuenza virus (H5N1) in feathers detached from bodies of infected domestic
ducks. Appl. Environ. Microbiol. 76, 5496–5499.
